Abstract. A 40Ar/39Ar thermochronologic study of muscovite, biotite, and potassium feldspar from footwall rocks of the Northern Snake Range Decollement, Nevada, was undertaken in order to constrain the timing and temperatures of mylonitic deformation during extension and the subsequent cooling (uplift) history of these mylonitic rocks. Mylonitic deformation has been bracketed between 37 Ma and about 24 Ma, and minimum temperatures during ductile thinning were about 300øC. Mineral cooling ages along the east flank of the range suggest a minimum TMAX gradient of about 55øC/Ma. This steep thermal gradient is the result of a localized heat source and/or sheafing of colder rocks with older cooling histories over hotter rocks with younger cooling histories. Although mylonitic deformation may have spanned a 13 m.y. period (37 Ma to 24 Ma), deformation was not synchronous throughout the range. On the west flank of the range, age spectra from muscovite and microcline samples indicate that rocks were at temperatures well below 325øC and deformation had ceased by 30 Ma, while on the east flank of the range, lower plate rocks were at temperatures above 325øC and ductile deformation was still ongoing. This is also reflected in chrontours of published K/Ar muscovite ages, along with 40Ar/39Ar ages, which monotonically decrease in age from west to east. These data provide evidence for a temperature difference across the range within the same structural horizon from about 30 to 24 Ma. These relations suggest a lateral thermal gradient, the east flank of the range cooling more 1Now at Department of Earth Sciences, Monash University, Clayton, Victoria, Australia, Copyright 1991 by the American Geophysical Union.
problems have been encountered utilizing the 40Ar/39Ar
technique on mylonitic rocks that were deformed at greenschist facies conditions (i.e., complex argon loss patterns and presence of excess argon have been documented), thermochronologic studies represent the most important method of constraining the age and temperature of mylonitic deformation and the cooling history of ductilely extended lower plate rocks. Thermochronologic data, in conjunction with the structural history and geometry of footwall deformation, can provide powerful constraints and insight on the conditions of formation and geometric evolution of metamorphic core complex detachment faults. This paper presents new and previously published 40Ar/39Ar thermochronologic data coveting a broad portion of lower plate rocks in the northern Snake Range metamorphic core complex, east central Nevada (Figure 1 ). The northern Snake Range is ideally suited for such a study because: (1) There is minimum erosion of upper plate rocks so that the location and distance of lower plate rocks with respect to the detachment is known everywhere across the range, (2) The magnitude of finite strain and kinematic history of deformation related to the development of the detachment fault are well understood [Lee et al., 1987] , and (3) Canyons that deeply incise lower plate rocks provide excellent structural relief and thus three-dimensional control for the analysis of data from the lower plate. The 40Ar/39Ar thermochronologic data presented in this paper shed light on the timing of a Late Cretaceous metamorphic and deformational event and constrain the timing and conditions of deformation related to Tertiary ductile extension. In addition, the thermochronologic data provide evidence for steep thermal gradients during Tertiary mylonitic deformation and differential cooling of lower plate rocks. (NSRD) record all three metamorphic, deformational, and intrusive events described above. Evidence for the first metamorphic event is best preserved along the southern flank of the northern Snake Range where upper Precambrian and Lower Cambrian pelites are intruded and contact metamorphosed by a mid-Jurassic plutonic complex (Figure 3 ). The growth of biotite + muscovite + garnet + staurolite + andalusite + corderite + kyanite in the aureole of this pluton constrains metamorphic pressures for this event to be close to the aluminum silicate triple point (3.7 kbar) [Holdaway, 1971] , which is consistent with estimated stratigraphic depths for these units .
The second metamorphic event, of Late Cretaceous age, affected a broad portion of the lower plate. A series of mineralin isograds in upper Precambrian pelitic units trend east-west and demonstrate an increase in metamorphic grade both northward and with depth in the range. Precambrian units with greenschist facies assemblages (muscovite + biotite + chlorite) in the Hendry's Creek area can be followed continuously northward and increase in grade to upper amphibolite facies (staurolite + garnet + kyanite) in the Smith Creek area ( Figure  3 ) [Geving, 1987; Huggins, 1990] . Farther north, Precambrian units are no longer exposed, the age of the youngest rock units beneath the NSRD decreases, and units as young as Upper Cambrian in age (i.e., the Notch Peak Limestone) were metamorphosed to upper greenschist or lower amphibolite facies in the Late Cretaceous (Figure 3 [1983], Gans et al. [1985] , Lee [1990] , and Huggins [1990] . A-A' indicates location of cross section in Lower to upper greenschist facies metamorphism of Tertiary age affected much of the lower plate, causing retrogression of older Late Cretaceous metamorphic assemblages. This metamorphic event was accompanied by ductile thinning and stretching of lower plate units, resulting in a subhorizontal, bedding parallel foliation and WNW-ESE trending mineral elongation lineation. In the southern part of the range, mesoscopic structures and finite strain measurements indicate a dramatic west-to-east increase in strain from a low on the west of 6:1 (X:Z) to a high on the east of 600:1 (X:Z) Lee et al., 1987] . Quartz microstructures and c-axis fabrics, along with finite strain measurements, document a complex extensional strain history of early coaxial strain, exposed in low-strain rocks on the west flank of the range, overprinted by deformation with an eastward increasing component of top-to-the-east noncoaxial strain. In the northern part of the range, which was not included in the above analysis, strain associated with this fabric also increases from west to east. The mylonitic foliation, however, is not everywhere parallel to bedding and, as described above, actually dies out in the northwestern part of the range. In the Eightmile Canyon area, a low-strain, west dipping foliation (S2), NNW-SSE trending LOX2 intersection lineation and weakly developed WNW-ESE trending mineral elongation lineation overprint Late Cretaceous fabrics and weakly deform a pegmatitic to aplitic intrusive body (Figure 3 ). Strain associated with the S2 foliation and mineral elongation lineation increases southward along the west flank of the range such that by the west central part of the range the foliation is at low angles to subparallel to bedding and the LOX2 intersection lineation has been rotated into parallelism with the WNW-ESE trending elongation lineation. Based on these geometric relations, the S2 foliation and LOX2 intersection lineation are inferred to be Tertiary in age [Lee, 1990] . In the north central part of the range, Late Cretaceous compositional layering in Middle and Upper Cambrian carbonates has been folded into a map-scale, recumbent isocline that is associated with a subhorizontal, axial planar foliation. Strain associated with this subhorizontal axial planar foliation increases eastward such that (1) this foliation becomes mylonitic and a WNW-ESE trending mineral elongation lineation develops in the foliation, (2) both upright and overturned limbs of the fold are dramatically thinned, and (3) the Late Cretaceous metamorphic compositional layering has been transposed into parallelism with the subhorizontal mylonitic foliation [Lee, 1990] . A swarm of muscovitebearing rhyolite porphyry dikes, which yield an 40Ar/39Ar age of 37 Ma (see below), intrude Middle and Upper Cambrian metasedimentary rocks in the north central part of the range, yet they are not obviously folded nor do they contain the axial planar foliation (Figure 3) [Lee, 1990] . To the east, where strain is higher, compositionally similar dikes are clearly deformed by the axial planar mylonitic foliation. Based on these relations, the isoclinal fold is inferred to be Tertiary in age [Lee, 1990] .
Metamorphic grade associated with the mylonitic fabric increases both with depth and from south to north along the east flank of the range. At high structural levels there is new growth of chlorite and white mica in the pressure shadows of older porphyroblasts, and at deeper structural levels there is new growth of muscovite and biotite in these pressure shadows. A change in the deformation textures in quartz with depth indicates an increase in metamorphic grade as well. At high structural levels, quartz grains are characterized by elongate, ribbonlike grains with few annealed grains, whereas at deeper structural levels, quartz grains are characterized by recrystallized, subequant to slightly elongate annealed grains. A slight increase in metamorphic grade towards the north is suggested by new growth of biotite instead of chlorite in equivalent horizons and the involvement of higher stratigraphic units in this deformation towards the north (Figure 3 ). Muscovitebiotite geothermometry and muscovite-biotite-chlorite geobarometry for this metamorphic event from the upper Precambrian and Lower Cambrian pelites in the Smith Creek area demonstrate temperatures of 463 ø + 46øC and pressures of 2.9 to 3.1 kbar [Huggins, 1990] . These pressure estimates are consistent with the arguments presented by Gans and Miller [1983] that, at the onset of Tertiary extensional deformation, structural depths were equivalent to stratigraphic depths. Data presented here suggest that mylonitic deformation began at <37 Ma and that mylonitic rocks cooled below about 325øC at 24 Ma, ductile deformation ceasing shortly thereafter.
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Samples JL2-123, JL3-62, and JL-MW3 are magnesium-rich biotites (Ann45) [Lee, 1990] If interpreted at face value, these data suggest that Upper Cambrian rocks cooled below the argon retention temperature for magnesium-rich biotite (about 300øC) [Harrison et al., 1985] at >94 Ma, thus placing a minimum age limit on peak metamorphism and accompanying deformation in this region, and may have undergone argon loss at some time <42 Ma. However, the 94 Ma minimum age for peak metamorphism described above is somewhat problematic as geochronologic data from elsewhere in the range have dated peak metamorphism as 78-82 Ma [Lee and Fischer, 1985 Thus, until more data are available, it seems more reasonable to suspect that extraneous argon is a problem with these samples.
Tertiary Metamorphism and Deformation
Muscovite and maximum microcline, from sample 16-117, are from a pegmatitic to aplitic intrusive body located on the west flank of the range in Eightmile Canyon (Figures 3 and 4 ; Plate 1). These pegmatites and aplites intrude Lower Cambrian pelites that contain a west dipping foliation (S2) and WNW-ESE trending mineral elongation lineation, which, based on geometric reasons discussed above, are thought to be Tertiary. The core of the pegmatite and aplite intrusive body is undeformed, but, locally, small apophyses emanating from this body are boudinaged in the west dipping foliation and finegrained muscovite-bearing phases contain this foliation. Based on these relations, the intrusive body is considered to predate the foliation. Muscovite from an undeformed portion of the intrusive body yields a somewhat discordant age spectrum, which we interpret as representing minor argon loss (the lowtemperature steps) and a WAP age of 48.3 + 0.3 Ma. We interpret the muscovite spectrum as indicating cooling below about 325øC (estimate of the muscovite argon blocking temperature at rapid cooling rates) [Snee et al., 1988] at 48 Ma, thus placing a maximum age limit on the formation of the west dipping S2 foliation and WNW-ESE trending mineral elongation lineation. This age is somewhat younger than total gas (TG) ages for partially reset Cretaceous muscovites from surrounding country rocks (see below) and thus may be a cooling age following crystallization. The accompanying minimum low-temperature age of 39 Ma may be the result of a short-lived, younger thermal event at temperatures <325øC that partially degassed this muscovite and thus represents a maximum age estimate for the younger thermal event.
Microcline from the same sample yields a saddle-shaped spectrum that we interpret as representing a small amount of extraneous argon (low-temperature steps) and a reheating or younger thermal event (the monotonic increase in ages with increase in temperature from about 29 Ma to 44 Ma). Recent work [Lovera et al., 1989] suggests that potassium feldspars may be composed of a distribution of diffusion domain sizes, resulting in higher closure temperatures for a large domain than for a single dominant domain size. In light of this we interpret the microcline spectrum as indicating cooling below an unknown, but below 325øC, closure temperature at 44 Ma and the low-temperature age of 29 Ma as a maximum age estimate for the time of partial degassing of this sample at temperatures below 325øC during a younger thermal event. Partial degassing due to slow cooling seems unlikely as there is strong evidence for a younger thermal event elsewhere in the range (see below), although it is difficult in microcline age spectra to distinguish between slow cooling and later reheating.
Muscovite sample JL3-90 is from an extensive swarm of aphanitic, muscovite + quartz + feldspar phenocryst-bearing rhyolite porphyry dikes exposed in the northwestern part of the range (Figure 4 ; Plate 1). Country rocks to the dike swarm include Middle and Upper Cambrian units that exhibit two fabrics: a Late Cretaceous metamorphic or compositional layering and a younger, penetrative, subhorizontal foliation that is axial planar to an isoclinal, recumbent fold. In its westernmost exposures, the dike swarm does not appear to be folded nor does it appear to contain this younger fabric, which may be the result of the strong competence contrast between the more resistant dikes and the less resistant marbles and calcschists, together with the lower overall strain. However, to the east, where strain is higher, compositionally similar dikes are clearly involved in this younger deformation and contain mylonitic fabrics. In Eightmile Canyon, compositionally similar dikes also crosscut the pegmatitic to aplitic intrusive body, which yields an 40Ar/39Ar age of 48 Ma. Muscovite from the dike swarm yields a WAP age of 36.9 + 0.3 Ma (Figure 4 ; Plate 1), which is interpreted as an intrusive age based on the fact that country rocks around these dikes yield older, partially reset Cretaceous 40Ar/39Ar ages on muscovite. in the Middle Cambrian marbles, and JL-Cpi is a mediumgr•tined schist from the Pioche Shale. The spectra from both of these muscovite samples yield disturbed patterns most easily interpreted as representing argon loss; high temperature heating increment ages are 52.7 and 56.6 Ma, and low temperature heating increment ages are 30.9 to 39. There are at least two possible interpretations of the disturbed muscovite age spectra from these two transects across the northern Snake Range. On the west flank of the range the high-temperature ages of 46 to 58 Ma may represent minimum age estimates of muscovite closure to argon at about 325øC for rocks that reached • metamorphic temperatures during a prior event, probably during the Late Cretaceous. The accompanying low-temperature ages of 31-40 Ma may be the result of a short-lived, younger thermal event at temperatures <325øC that partially degassed these Late Cretaceous muscovites, thus representing maximum age estimates for this younger thermal event and the mylonitic foliafion. On the northeast flank of the range a near-plateau age of 23 Ma for sample JL2-31 suggests that this is the only sample at the Prospect Mountain Quartzite-Pioche Shale horizon which underwent sustained heating at >325øC during this younger event and, as such, is a cooling age and gives a minimum age estimate for the time of mylonific deformation. The hightemperature ages of 32-36 Ma on the southeast flank of the range are maximum age estimates for low greenschist facies metamorphism and mylonific deformation during extension and may represent a more sustained thermal event at <325øC than on the west flank of the range. The low-temperature ages (18-20 Ma) from these samples indicate either a maximum age of yet a younger thermal event that partially degassed these muscovites or the time of final closure to argon at about 270øC following slow cooling [Snee et al., 1988 ]. An alternative interpretation (or an additional interpretation) for these disturbed age spectra is that the spectra from the west flank of the range may be recording degassing from two muscovite populations. The low temperature heating increment ages could reflect degassing of new fine-grained white mica that grew during mylonific deformation at temperatures <325øC during the Tertiary. The degassing profile of these Tertiary muscovites may be superimposed on the degassing profile of older, medium-grained muscovites of Late Cretaceous age. The resultant age spectrum would be a disturbed pattern similar to what is actually measured [cf. Wijbrans and McDougall, 1986] . In this interpretation the eastward decrease in ages reflects increasing temperatures associated with mylonitic deformation that nearly to completely resets the K-Ar system in the older Orthoclase from this sample yields an excess argon pattern over the first 2.9% of the 39Ar released, followed by a saddle-shaped spectrum with an increase in age from a TMIN of 16.7 Ma to a TMAX of 28.1 Ma (Figure 6 ; Plate 1). Orthoclases that yield saddle-shaped age spectra are common [Maluski, 1978; Albarede et al., 1978; Berger and York, 1981; Zeitler and FitzGerald, 1986] and have been interpreted to be the result of excess argon [Harrison and McDougall, 1981] . Zeitler and FitzGerald [1986] have demonstrated that the minimum low temperature heating increment ages correlate well to zircon fission track ages, thus indicating that the orthoclase cooled below about 200øC at that time (the estimated fission track annealing temperature for zircons) [Zeitler, 1985] Based on the flow laws of "wet" quartzite, plastic deformation of quartz is believed to be possible at temperatures as low as about 300øC [Koch et al., 1989] , suggesting that deformation was likely ongoing at 24 Ma on the east flank of the range but probably ceased shortly thereafter as rocks cooled through the muscovite blocking temperature. It is interesting to note that the areal limit of mylonitic fabrics in the northern Snake Range coincides with the area of partial to complete resetting of the KAr isotopic system in Late Cretaceous muscovites (Figure 8 ). This suggests that plastic flow of quartz can occur at temperatures close to or just below the blocking temperature of muscovite (i.e., temperatures were at least about 270ø-300øC). Alternatively, if the heating interval was short, temperatures could have been higher than 300øC, as argon diffusion is both temperature and time dependent.
Steep Thermal Gradients
On the east flank of the range, several lines of evidence suggest steep veffical thermal gradients during Tertiary mylonitic deformation. Plastic flow of quartz and calcite, but no new mineral growth, occurs in Upper Cambrian units on the east flank of the range, and magnesium-rich biotite grains from these same rocks (e.g., sample JL-MW3) still preserve evidence for Late Cretaceous metamorphism. These relations suggest that at these structural levels, temperatures much greater than about 300øC either were never attained or were attained for only a short period of time during the Tertiary. In contrast, at slightly deeper structural levels (a present vertical structural distance of about 0.2 km), age spectra document temperatures >325øC during Tertiary mylonitic deformation. At even deeper structural levels (a present vertical structural distance of about 1.0 km), muscovite-biotite geothermometry from the Osceola argillite yields peak metamorphic temperatures of about 460øC during the Tertiary [Huggins, 1990] (Figure 6 ), suggesting a peak TMAX gradient of about 160øC/km. However, based on textural arguments, deformation continued after the peak of metamorphism, which would effectively "collapse" isograds and result in the apparent steep thermal gradient. A minimum TMAX gradient of about 55øC/km (+15), which is also steep, is suggested if peak temperatures were attained prior to the onset of ductile thinning of lower plate units. The steep thermal gradient suggests contact rather than regional metamorphism during Tertiary extension and mylonitic deformation, but no plutons of demonstrable Oligocene age have been documented at the present levels of exposure in the northern Snake Range, although they may be present at greater depths. Alternatively (or in addition), the steep vertical thermal gradient may have been enhanced as a result of top-to-the-east shearing of colder rocks with older cooling histories over hotter rocks with younger cooling histories. Clearly, if peak temperatures were reached at some time after the onset of ductile thinning in the lower plate, the pe• thermal gradient would be higher.
The complex age spectra for muscovite obtained in this study were largely unexpected and indicate that much of the lower plate was only partially reset in the Tertiary, suggesting that temperatures in a broad portion of lower plate rocks did not exceed approximately 325øC during mylonitic deformation. These relations suggest that lower plate rocks did not reside at great depths within the crust unless temperature gradients were very low (i.e., less than about 25øC). This inference is compatible with earlier estimates of depth based on stratigraphic arguments [i.e., Gans and Miller, 1983] . The evidence for steep vertical TMAX gradients also supports the inference that lower plate deformation was not restricted to a shear zone of finite width but represents the upper levels of a region of the crust which has undergone extensive plastic flow at even higher temperatures. At these higher temperatures, rocks will yield continuously by plastic flow beneath supracrustal normal faults or ductile shear zones and perhaps be characterized by an increasing component of pure shear.
Differential Cooling
Although mylonitic deformation may have been ongoing throughout this 13 m.y. period (37 to 24 Ma), the data suggest that deformation was not synchronous throughout the range. On the western flank of the range, temperatures in lower plate rocks were well below about 325øC (the argon blocking temperature for muscovite) by about 30 Ma (minimum age of age spectrum for microcline sample 16-117) and ductile deformation had ceased, while on the eastern flank of the range, lower plate rocks were still at temperatures above 325øC and, based on textural arguments, still deforming plastically at this time. This is also reflected in the chrontours of published K./Ar muscovite ages [Armstrong and Hansen, 1966 The thermochronologic data alone do not constrain the original dip of the shear zone (e.g., low angle versus high angle). Finite strain and mesoscopic structural arguments, however, suggest that the zone of shear must have dipped at least 40 ø more steeply to the east with respect to lower plate layering [Lee et al., 1987] . In light of this, the 40Ar/39Ar data are compatible with the two-stage model of Lee et al. [ 1987] , whereby an early component of coaxial strain is superimposed by a component of top-to-the-east noncoaxial strain related to uplift within a younger, moderate to high-angle shear zone along the eastern half of the range. The thermochronologic data are also compatible with a multiple-fault hypothesis [Buck, 1988] , whereby a continuum of superimposed high-angle, planar normal faults propagate from west to east as the nonrigid lower plate rolls over to flat-lying as it is translated up and out from beneath these fault systems. Based on the resolution afforded by the thermochronologic data, a two or three high angle fault hypothesis cannot be distinguished from a continuum fault hypothesis. Both of these models provide a 
